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LOW DISPERSION FILTERS 
CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This patent application is a continuation in part patent application of United States 
Patent Application Serial No. 09/876,647, filed on June 7, 2001, and entitled APPARATUS 
AND METHOD FOR LOW DISPERSION IN COMMUNICATIONS (Docket 12569-13), the 
entire contents of which are hereby expressly incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to optical communications devices and 
systems and relates more particularly to a low dispersion filter or interleaver for use in 
wavelength division multiplexing (WDM) and dense wavelength division multiplexing 
(DWDM) optical conraiunication systems and the like. 

BACKGROUND OF THE INVENTION 

[0003] Optical communication systems which utilize wavelength-division multiplexing 
(WDM) and dense wavelength division multiplexing (DWDM) technologies are well known. 
According to both wavelength-division multiplexing and dense wavelength-division 
multiplexing, a plurality of different wavelengths of light, typically infrared light, are transmitted 
via a single medium such as an optical fiber. Each wavelength corresponds to a separate channel 
and carries information generally independently with respect to the other channels. The plurality 
of wavelengths (and consequently the corresponding plurality of channels) are transmitted 
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simultaneously without interference with one another, so as to substantially enhance the 
transmission bandwidth of the communication system. Thus, according to wavelength-division 
multiplexing and dense wavelength-division multiplexing technologies, a much greater amount 
of information may be transmitted than is possible utilizing a single wavelength optical 
communication system. 

[00041 The individual channels of a wavelength-division multiplexed or dense wavelength- 
division multiplexed signal must be selected or separated from one another at a receiver in order 
to facilitate detection and demodulation thereof This separation or demultiplexing process can 
be performed by an interleaver. A similar device facilitates multiplexing of the individual 
channels by a transmitter. 

[00051 It is important that the interleaver separate ttie individual channels sufficiently so as 
to mitigate undesirable crosstalk therebetween. Crosstalk occurs when channels overlap, i.e., 
remain substantially unseparated, such that some portion of one or more non-selected channels 
remains in combination with a selected channel. As those skilled in the art will appreciate, such 
crosstalk interferes with the detection and/or demodulation process. Typically, the effects of 
crosstalk must be compensated for by undesirably increasing channel spacing and/or reducing 
the conmiunication speed, so as to facilitate reliable detection/demodulation of the signal. 

[0006] However, as channel usage inherently increases over time, the need for efficient 
utilization of available bandwidth becomes more important. Therefore, it is highly undesirable 
to reduce communication speed in order to compensate for the effects of crosstalk. Moreover, it 
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is generally desirable to reduce channel spacing so as to facilitate the communication of a greater 
number of channels. 

[0007] Filters are typically used within interleavers (and are also used in various other 
optical devices), so as to facilitate the separation of channels from one another in a wavelength- 
division multiplexing or dense wavelength division multiplexing system. Various characteristics 
of such filters contribute to the mitigation of crosstalk and thus to contribute reUable 
communications. For example, the ability of a filter to separate one optical channel from another 
or to separate one set of channels from another set of channels is dependent substantially upon 
width and depth of the filter's stopband. Generally, the wider and deeper the stopband, the more 
effectively the filter rejects unwanted adjacent channels and thus the more effectively the filter 
mitigates crosstalk. 

[0008] Further, the flatness and width of the filter's passband is important. The flatness of 
the filter's passband determines how much the signal is undesirably altered during the filtering 
process. A substantially flat passband is desired, so as to assure that minimal undesirable 
alteration of the signal occurs. The width of tiie passband determines how far from the ideal or 
nominal channel center frequency a signal can be and still be effectively selected. A wide 
passband is desirable because the nominal center frequency of a carrier which is utilized to 
define a communication channel is not perfectly stable, and tiierefore tends to drift over time. 
Further, the nominal center frequency of a filter passband likewise tends to drift over time. 
Although it is possible to construct a system wherein the center frequency of the communication 
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channel and the center frequency of the filter are comparatively stable, it is generally impractical 
and imdesirably expensive to do so. 

[00091 Although having a wider filter passband is generally desirable, so as to facilitate the 
filtering of signals which have drifted somewhat from tiieir nominal center wavelength, the use 
of such wider pass bands and the consequent accommodation of channel center wavelength drift 
does infroduce the possibility for undesirably large dispersion being introduced into a filtered 
channel. Typically, the dispersion introduced by a birefringent filter or interleaver increases 
rapidly as the channel spacing is reduced and as a channel moves away from its nominal center 
wavelength, as discussed in detail below. Thus, as more channel wavelength error is tolerated in 
a birefiingent filter or interleaver, greater dispersion valves are likely to be infroduced. 

[0010] In order to construct a system wherein the center frequency of the communication 

channel and the center frequency of the filter are comparatively stable, it is necessary to provide 

precise control of the manufacturing processes involved. Since it is generally impractical and 

undesirably expensive to provide such precise control during manufacturing, the center 

frequency of communication channels and the center frequency of fihers generally tend to 

mismatch with each other. Precise control of manufacturing processes is difficult because it 

involves the use of more stiingent tolerances which inherently require more accurate 

manufacturing equipment and more time consuming procedures. The center frequency of the 

communication charaiel and the center frequency of the filter also tend to drift over time due to 

inevitable material and device degradation over time and also due to changes in the optical 

characteristics of optical components due to temperatiare changes. Therefore, it is important that 
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the passband be wide enough so as to include a selected signal, even when both the carrier 
frequency of the selected signal and the center frequency of the passband are not precisely 
matched or aligned during manufacturing and have drifted substantially over time. 

[0011] Birefiingent filters for use in wavelength-division multiplexing and dense 
wavelength-division multiplexing communication systems are well known. Such birefringent 
filters are used to select or deselect optical signals according to the channel wavelengths thereof. 
However, contemporary birefiingent filters tend to suffer from deficiencies caused by inherent 
carrier and passband instability due to manufacturing difiSculties and due to drifting over time, as 
discussed above. That is, the passband of a contemporary birefiingent filter is not as flat or as 
wide as is necessary for optimal performance. Further, the stopbands of such contemporary 
birefiingent filters are not as deep or as wide as is necessary for optimal performance. Third, it 
typically has large dispersion which would introduce significant signal distortion. Therefore, it 
is desfrable to optimize such birefiingent filters in a manner which enhances the width of the 
passband, makes the passband more flat, and which also widens and deepens the stopband. It is 
desirable to provide a bfrefiingent filter whereby the width of the stopband is roughly equal to 
the width of the passband, so as to facilitate the efficient separation of equally spaced channels in 
a wavelength-division multiplexing or dense wavelength-division multiplexing communication 
system. Further, it is desirable to provide a birefiingent filter which possess zero or exfremely 
low dispersion. 
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[0012] Such birefringent filters typically comprise a plurality of birefringent elements placed 
end-to-end between two polarization selection devices, so as to define a contemporary Sole-type 
optical filter. 

[0013] Referring now to Figure 1 , a typical layout of a Sole-type filter is shown. This layout 
is common to Sole-type filters. This filter comprises an input polarization selection device (e.g., 
polarizer) 11, an output polarization selection device 12, and a birefringent element assembly 
disposed generally intermediate the input polarization selection device 11 and the output 
polarization selection device 12. The polarization axis of the input polarization selection device 
11 and the output polarization selection device 12 are typically parallel to one another. 

[0014] According to contemporary practice, the birefiingent element assembly 13 of such a 
Sole-type filter comprises three burefiingent elements or crystals. A first birefiingent element 15 
has a length of L. A second birefiingent element 16 has a length of 2L. A third birefringent 
element 17 has a length of 2L. 

[0015] Although such contemporary Sole-type filters are generally suitable for some 
applications in optical communications, such contemporary Sole-type filters suffer firom inherent 
deficiencies which deti-act fi:om their overall effectiveness. Such contemporary Sole-type filters 
are birefiingent filters which suffer firom high dispersion when the actual channel wavelength is 
not at the nominal chaimel center wavelength. 
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[0016] As those skilled in the art will appreciate, dispersion is the non-linear phase response 
of an optical device or system wherein light of different wavelengths is spread or dispersed, such 
that the phase relationship among the different wavelengths varies undesirably as the Ught passes 
through the device or system. Such dispersion undesirably distorts optical signals, such as those 
used in optical communication systems. 

[0017] The nonlinear phase response or dispersion of WDM and DWDM devices is 
responsible for signal distortion which results in undesired limitations on channel capability. 
That is, such dispersion undesirably limits the useable bandwidth of a channel, such as that of a 
fiber optic communication system. Such undesirable limitation of the bandwidth of a channel in 
a fiber optic communication system inherently reduces the bit rate of digital data transmitted 
thereby. 

[00181 Contemporary interleavers have dispersion versus wavelength curves which have 
zero dispersion value at a particular wavelength, such as at nominal channel center wavelength. 
The dispersion versus wavelength curve of such contemporary interleavers departs drastically 
from this zero dispersion value as the wavelength moves away from the nominal channel center 
wavelength. Thus, small deviations in channel center wavelength can result in undesirably large 
dispersion values being realized. 

[0019] Since, as discussed in detail above, it is extremely difficult, if not impossible, to 
maintain a channel center wavelength precisely at its nominal value, such channel center 
wavelengths do vary, thereby resulting in undesirably large dispersion values. 
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[0020] The problem of comparatively small differences between actual channel center 
wavelength and the nominal value thereof causing undesirably large dispersion values can be 
mitigated by constructing an interleaver having either a dispersion versus wavelength curve 
which has a value of approximately zero for all wavelengths, or alternatively, by constructing an 
interleaver having a dispersion versus wavelength curve which does not deviate substantially 
from a zero dispersion value at least for those wavelengths to which the actual channel center 
wavelength is likely to drift. 

[0021] An optical interleaver is one type of comb filter which is commonly used in optical 
communications systems. Such interleavers have the potential for substantially enhancing 
performance in future optical communications networks by substantially enhancing bandwidth 
thereof Common contemporary interleavers provide channel spacings of 200 GHz and 100 
GHz. 50 GHz interleavers are just beginning to emerge in the marketplace. Further reduction of 
optical channel spacing to 25 GHz, 12.5 GHz and beyond presents substantial technical 
challenges. 

[0022] As channel spacing is decreased below 50 GHz, significant and undesirable 
dispersion appears and can dramatically degrade optical signal quality, particularly in high bit 
rate optical communication systems. Thus, there is substantial need for techniques and apparatus 
which mitigate or suppress the dispersion introduced by an interleaver in an optical 
communication system. More generally, there also exists a similar need for techniques and 
apparatus which compensate for dispersion in various other devices, such as those commonly 
used in WDM/DWDM communication systems. 
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SUMMARY OF THE INVENTION 

[00231 The present invention comprises techniques and apparatus which mitigate undesirable 
interleaver dispersion. The present invention also provides techniques and apparatus which 
compensate for dispersion from various different optical devices in an optical communication 
system. 

[0024] More particularly, the present invention comprises a zero or low dispersion 
birefiingent filter or interleaver assembly having a first interleaver and a second interleaver. The 
second interleaver is configured so as to provide a dispersion vs. wavelength curve wherein each 
dispersion value thereof is approximately opposite in value to a dispersion value at the same 
wavelength for the first interleaver, so as to mitigate dispersion in the interleaver assembly. In 
this manner, the dispersion of an interleaver substantially cancels out the dispersion of the other 
interleaver. In a similar manner, a single interleaver may be utilized to substantially mitigate 
dispersion in various other optical components in an optical communication system or the like. 

[0025] These, as well as other advantages of the present invention, will be more apparent 
from the following description and drawings. It is understood that changes in the specific 
structure shown and described may be made within the scope of the claims without departing 
from tiie spirit of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] These, and other features, aspects and advantages of the present invention will be 
more fully understood when considered with respect to the following detailed description, 
appended claims and accompanying drawings wherein: 

[0027] Figure 1 is a schematic representation showing generally the relative positions of the 
input polarizing element, the birefringent element assembly (which comprises the first, second 
and third birefringent elements or crystals) and the output polarizing element, with respect to one 
another; 

[0001] Figure 2 is a dispersion vs. wavelength chart for a three element filter having angular 
orientations of 45°, -15°, and 10° and having phase delays of F, 2r and 2r respectively, for the 
first, second and third birefringent elements, respectively; 

[0029] Figure 3 is a phase vs. wavelength chart for a three element filter having angular 
orientations of 45°, -15°, and 10° and having phase delays of F, IF and 2r, for the first, second 
and third birefringent elements, respectively; 

[0030] Figure 4 is a transmission vs. wavelength chart for a three element filter having 
angular orientations of 45°, -15°, and 10° and having phase delays of F, 2r and 2r, for the first, 
second and third birefiingent elements, respectively; 
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[0031] Figure 5 is a dispersion vs. wavelength chart for a three element filter having angular 
orientations of 45°, -75°, and 80° and having phase delays of T, 2T and IT, for the first, second 
and third birefiingent elements, respectively; 

[0032] Figure 6 is a phase vs. wavelength chart for a three element filter having angular 
orientations of 45°, -75°, and 80° and having phase delays of T, IT and 2T, for the first, second 
and third birefiingent elements, respectively; 

[0033] Figure 7 is a transmission vs. wavelength chart for a three element filter having 
angular orientations of 45°, -75°, and 80° and having phase delays of T, 2Y and IF, for the first, 
second and third birefiingent elements, respectively; 

[0034] Figure 8 is a dispersion vs. wavelength chart for a three element filter having angular 
orientations of 45°, -21°, and 7° and having phase delays of T, 2T and 2r, for the fnst, second 
and third birefiingent elements, respectively; 

[0035] Figure 9 is a phase vs. wavelength chart for a three element filter having angular 
orientations of 45°, -21°, and 7° and having phase delays of F, 2r and 2r, for the first, second 
and third birefiingent elements, respectively; 

[0036] Figure 10 is a transmission vs. wavelength chart for a three element filter having 

angular orientations of 45°, -21°, and 7° and having phase delays of F, 2r and 2r, for the first, 

second and third birefiingent elements, respectively; 
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[0037] Figure 11 is a dispersion vs. wavelength chart for a three element JBlter having 
angular orientations of 45°, -69°, and 83° and having phase delays of T, 2Y and IT, for the first, 
second and third birefringent elements, respectively; 

[00381 Figure 12 is a phase vs. wavelength chart for a three element filter having angular 
orientations of 45°, -69°, and 83° and having phase delays of F, 2r and 2r, for the first, second 
and third birefiingent elements, respectively; 

[0039] Figure 13 is a transmission vs. wavelength chart for a three element filter having 
angular orientations of 45°, -69°, and 83° and having phase delays of F, 2r and 2r, for the furst, 
second and third birefiingent elements, respectively; 

[0040] Figure 14 is a dispersion vs. wavelength chart for a three element filter having 
angular orientations of 45°, -65°, and 15° and havmg phase delays of F, 2r and 2r, for the first, 
second and third birefiingent elements, respectively; 

[0041] Figure 15 is a phase vs. wavelength chart for a three element filter having angular 
orientations of 45°, -65°, and 15° and having phase delays of F, 2F and 2F, for the first, second 
and third birefringent elements, respectively; 

[0042] Figure 16 is a transmission vs. wavelength chart for a three element filter having 

angular orientations of 45°, -65°, and 15° and having phase delays of F, 2F and 2F, for the first, 

second and third birefiingent elements, respectively; 
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[00431 Figure 17 is a dispersion vs. wavelength chart for a three element filter having 
angular orientations of 45°, -15°, and 0° and having phase delays of T, 2Y and T, for the first, 
second and third birefiingent elements, respectively; 

[0044] Figure 18 is a phase vs. wavelength chart for a three element filter having angular 
orientations of 45°, -15°, and 0° and having phase delays of r, IT and T, for the first, second and 
third birefiingent elements, respectively; 

[0045] Figure 19 is a transmission vs. wavelength chart for a three element filter having 
angular orientations of 45°, -15°, and 0° and having phase delays of T, 2T and IT, for the first, 
second and third birefiingent elements, respectively; 

[0046] Figure 20 is a dispersion vs. wavelength chart for a three element filter having 
angular orientations of 45°, -75°, and 90° and having phase delays of Y, IT and T, for the first, 
second and third birefiingent elements, respectively; 

[0047] Figure 21 is a phase vs. wavelength chart for a three element filter having angular 
orientations of 45°, -75°, and 90° and having phase delays of T, 2Y and 2r, for the first, second 
and third birefiingent elements, respectively; 

[0048] Figure 22 is a transmission vs. wavelength chart for three element filter having 

angular orientations of 45°, -75°, and 90° and having phase delays of T, IT and F, for the first, 

second and third birefiingent elements, respectively; 
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[0049] Figure 23 is a dispersion vs. wavelength chart for a two element filter having angular 
orientations of 45° and -15° and having phase delays of T and IT, for the first and second 
birefiingent elements, respectively; 

[0050] Figure 24 is a phase vs. wavelength chart for a two element filter having angular 
orientations of 45° and -15° and having phase delays of T and 2r, for the first and second 
birefiingent elements, respectively; 

[0051] Figure 25 is a transmission vs. wavelength chart for a two element filter having 
angular orientations of 45° and -15° and having phase delays of Y and 2r, for the first and 

second birefiingent elements, respectively; 

[0052] Figure 26 is a dispersion vs. wavelength chart for a two element filter having angular 
orientations of the birefiingent elements thereof of 45° and -75° and having phase delays of T 
and 2r, for the first and second birefiingent elements, respectively; 

[0053] Figure 27 is a phase vs. wavelength chart for a two element filter having angular 
orientations of the birefiingent elements thereof of 45° and -75° and having phase delays off 
and 2r, for the first and second birefiingent elements, respectively; and 

[0054] Figure 28 is a transmission vs. wavelength chart for a two element filter having 
angular orientations of the birefiingent elements thereof of 45° and -75° and having phase delays 

of r and 2r, for the first and second birefiingent elements, respectively. 
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DETAILED DESCRIPTION OF THE INVENTION 

[00551 The detailed description set forth below in connection with the appended drawings is 
intended as a description of the presently preferred embodiments of the invention, and is not 
intended to represent the only forms in which the present invention may be constructed or 
utilized. The description sets forth the functions of the invention and the sequence of steps for 
constructing and operating the invention in connection with the illustrated embodiments. It is to 
be understood, however, that the same equivalent functions and sequences may be accompUshed 
by different embodiments that are also intended to be encompassed within the spirit and scope of 
the invention. 

(00561 Generally, the present invention comprises a filter for filtering electromagnetic 
radiation, wherein the filter comprises two polarization selection elements (such as polarizers) 
and a birefringent element assembly (such as an assembly of birefringent crystals) disposed 
intermediate the two polarization selection elements and configured so as to optimize 
contributions of a fundamental and at least one odd harmonic of a transmission vs. wavelength 
curve in a manner which enhances transmission vs. wavelength curve flatness for a passband 
thereof and also in a manner which makes the stopband thereof deeper and provides low 
dispersion, as well. 

[0057] It has been found that an element of a birefringent element assembly, such as an 
element comprised of a birefringent crystal, can be used to alter a contribution of a fimdamental 
and a plurality of odd harmonics to a transmission vs. wavelength curve, wherein the alteration 
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depends upon the parameters selected for the birettngent element. For example, a birefringent 
element may be selected so as to have an optical path length and a fast axis orientation (such as 
with respect to a polarization selection element) wherein the values of these parameters 
determine how much of a fimdamental and a plurality of odd harmonics are present in the 
transmission vs. wavelength characteristic curve of a filter assembly. Changing these parameters 
tends to change the amount of the fundamental and the amount of each odd harmonic present in 
the transmission vs. wavelength curve. By carefully selecting the parameters for each 
birefiingent element, a transmission vs. wavelength curve can be defined having desired 
characteristics, such as fiatness of the passband, width of the passband, depth of the stopband, 
and width of the stopband. In this invention, it is shown that the dispersion characteristics can be 
controlled by carefully selecting the parameters for each birefiingent element. 

[0058] Thus, the present invention comprises a filter for filtaing electromagnetic radiation, 

wherein the filter comprises two polarization selection elements and a birefringent element 

assembly disposed intermediate the two polarization selection elements. The birefiingent 

element assembly comprises a first birefiingent element which provides an output transmission 

vs. wavelength curve which is approximately defmed by a fimdamental sine wave; a second 

birefiingent element which cooperates with the fnst birefringent element to provide an output 

transmission vs. wavelength curve which is approximately defined by a fundamental sine wave 

plus a third harmonic of the fimdamental sine wave; and a third birefiingent element which 

cooperates with the first and second birefiingent elements to provide an output vs. transmission 

curve which is approximately defined by a fimdamental sine wave plus a third harmonic of the 

fimdamental sine wave, plus a fifth harmonic of the fundamental sine wave. The parameters of 
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the first, second and third birefiingent elements are selected so as to enhance transmission vs. 
wavelength curve flatness for a filter passband and so as to deepen the stopband, and in addition, 
to also get desired dispersion behavior by causing the ftmdamental sine wave and its third and 
fifth harmonics to sum in an advantageous maimer. 

[0059] According to the present invention, the birefiingent elements preferably have 
parameters which are specifically selected so as to provide generally optimized curve flatness for 
the passband and so as to provide enhanced depth for the stopband and to get desired dispersion 
behavior, thus enhancing performance of the filter and also substantially mitigating undesirable 
cross-talk and dispersion. 

[0060] Those skilled in the art will appreciate that various different types of polarizing 
elements and birefiingent elements may be utilized in such a birefiingent element assembly. 
Thus, various different types of birefringent elements are suitable for use in the present 
invention. Also, various different types of polarization selection elements may similarly be 
utihzed. 

[00611 Generally, such a birefiingent element must provide paths having different optical 
path lengths for two orthogonally polarized (with respect to one another) optical signals. Thus, 
according to the present invention, a birefiingent element is defined as any optical device 
suitable for providing different optical patii lengths for generally orthogonal optical signals, so as 
to substantially mimic the effect provided by birefiingent crystals. 
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[0062] Generally, such polarization selection elements must select or favor the transmission 
of light having one particular polarization direction and substantially reject, i.e., either absorb, 
reflect or deflect light having all other polarization directions. Thus, according to the present 
invention, a polarization selection element or polarizing element is defined as any optical device 
suitable for facilitating the transmission of U^t having one polarization direction, while 
substantially mitigating (such as via reflection, deflection or absorption) the transmission of light 
having other polarization directions. 

[0063] Thus, a birefringent filter for filtering electromagnetic radiation may be provided 
according to the present invention by disposing a birefringent element assembly between two 
polarization selection elements, wherein the birefringent element assembly provides an effect 
approximate to an effect provided by a first birefiingent crystal providing a phase delay and 
having an angular orientation of a fast axis thereof of such as at approximately cp i with respect 
to the polarization direction of the first polarization selection element, a second birefringent 
element providing a phase delay of approximately twice that of the first birefiingent element and 
having an angular orientation of a fast axis thereof of such as at approximately cp 2 with respect 
to the polarization axis of the same polarization selection element, and a third birefringent 
element providing a phase delay of approximately twice that of the first birefiingent element and 
having an angular orientation of a fast axis thereof of such as at approximately 9 3 with respect 
to the polarization axis of the same polarization selection element. 
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[0064] As defined herein, angular orientations (cp i, 9 2 and cp 3) are positive when they are 
clockwise as viewed looking into oncoming light and are negative when they are 
counterclockwise as viewed looking into oncoming hght. 

[0065] It is important to understand that, although the second polarization selection element 
will typically have a polarization direction which is parallel to the polarization direction of the 
first polarization selection element, the second polarization selection element may alternatively 
have a polarization direction which is orthogonal to the polarization direction of the first 
polarization selection element. Thus, a filter having passbands and stopbands at desired 
wavelengths may be constructed by orienting the polarization direction of the second 
polarization selection element with respect to the polarization direction of the first polarization 
selection element appropriately. 

[0066] The filter is suitable for use in an interleaver for separating channels fi'om one another 
and/or for combining separate channels together in an optical communication system, such as a 
wavelength-division multiplexing system or a dense wavelength-division multiplexing system. 
That is, as those skilled in the art will appreciate, the filter is suitable for use in both multiplexmg 
and demultiplexing applications. Thus, the filter of the present invention may find appHcation in 
such interleavers as those commonly used in optical communication system receivers and 
transmitters. 

[0067] Referring again to Figure 1, the lengths of the birefiingent elements of the Sole-type 

filters are L, 2L and 2L for the furst 15, second 16, and third 17 birefiingent elements, 
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respectively. However, the angular orientation of each birefringent element or crystal has been 
varied, so as to optimize the resulting transmission vs. wavelength curve in a manner which 
enhances performance and mitigates undesirable crosstalk. More importantly, according to the 
present invention an interleaver is configured in a manner to get desired dispersion behavior. 

[0068] The birefringent element or crystal orientation angles recited herein are defined as the 
angle between the fast axis of the birefringent element or crystal and the input light polarization 
direction of the Ught which has passed through the input polarization selection device or input 
polarizer 11. The sign convention for such angles is such that an angle is positive when resulting 
from clockwise rotation when facing the oncommg Ught and an angle is negative resulting from 
counterclockwise rotation when facing the oncoming Ught is negative. This convention is 
standard for the description of orientation angles in Sole-type filters. 

[0069] Further, according to the one embodunent of the present invention, the phase delay of 
the first 15, second 16, and third 17 birefringent elements is provided by the relationship: 2Ti = 
T2 = Ts, where Fi, r2, are the phase delays for the fnst birefrmgent element 15, second 
birefringent element 16, and the thfrd birefringent element 17, respectively. As those skilled in 
the art will appreciate, phase delay is proportional to a difference ui optical path length. 

[0070] It is understood that the exemplary zero or extremely low dispersion filters described 

herein and shown in the drawings represent only presently preferred embodiments of the 

invention. Indeed, various modifications and additions may be made to such embodiments 

without departing from the spirit and scope of the invention. For example, various means for 
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separating an input signal into orthogonal signals which then are caused to follow different 
optical paths so as to achieve a birefringent effect are contemplated. Also, various means for 
polarizing signals provided to and emitted from the birefringent element assembly are known. 
Generally, any device which allows the selective transmission of light having a predetermined 
polarization direction (which does not substantially transmit Ught having other polarization 
directions) is suitable. Thus, these modifications and additions may be obvious to those skilled 
in the art and may be implemented adapt the present invention for use in a variety of different 
apphcations. 

[0071] Sole birefringent filters are commonly used as interleavers. Such Sole birefringent 
filters are discussed in detail above. When a single Sole birefringent filter is utilized alone, the 
Sole birefiingent filter contributes some amount of dispersion to an optical signal fransmitted 
therethrough. However, for a given Sole birefiingent filter the quantity and the sign of the 
dispersion can be confroUed by carefiiUy selecting the birefiingent phase delays (the optical path 
lengths) and the birefiingent element orientations. In this manner, one Sole birefiingent filter or 
interleaver may be constructed so as to substantially cancel the dispersion infroduced by another 
Sole birefringent filter or interieaver. More generally, a Sole birefiingent filter or interieaver can 
be constructed so as to substantially mitigate the dispersion caused by itself or any other device 
or combination of devices so as to minimize the total dispersion. 

[0072] Referring now to FIG. 1, as discussed above, according to contemporary Sole filter 

construction, several, typically three, birefringent elements, such as birefringent crystal 15, 

birefiingent crystal 16 and birefringent crystal 17 are disposed between two polarization 
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selection elements, such as input polarizer 11 and output polarizer 12. Birefringent crystal 15, 
birefringent crystal 16 and birefiingent crystal 17 define a birefringent element assembly 13. 
Typically, each birefringent crystal 15, 16, and 17 is comprised of a material having the same 
indices of refraction as each other birefringent crystal and the physical lengths of the three 
birefringent crystals are L, 2L and 2L, for each of the birefiingent crystals 15, 16 and 17, 
respectively. However, as those in the field will appreciate, crystals comprised of different 
materials (and therefore having different indices of refraction) may alternatively be utilized and 
the physical lengths thereof may be adjusted to provide the equivalent phase delay, T, IT, IF, for 
each of the birefringent crystals 15, 16 and 17, respectively. An angle between the fast axis of 
each birefringent crystal 15, 16 and 17 and the polarization direction of the input polarizer 11 is 
45° for the first birefiingent crystal 15; - 15° for the second birefringent crystal 16; and 10° for 
the third birefiingent crystal 17. Each of the angular orientations is defmed as positive if rotation 
is clockwise while viewing oncoming fight from the input polarizer 1 1 and is negative if rotation 
is counterclockwise while viewing oncoming Ught from the input polarizer 11. This sign 
convention is the same sign convention that is commonly used by those skilled in the art of Sole 
filter construction. 

[0073] Referring now to FIGs. 2-4, the dispersion (FIG. 2), phase distortion (FIG. 3), and 
transmission (FIG. 4) for a Sole birefiingent filter having orientations of 45°, -15°, and 10° for 
the first 15, second 16 and third 17 birefiingent elements or crystals thereof and having phase 
delays off, 2r, and 2r for the first 15, second 16 and third 17 birefringent elements or crystals, 
respectively, are provided. 
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[0074] With particular reference to FIG. 2, the filter dispersion as a fiinction of wavelength 
for a 50 GHz interleaver using the contemporary birefiingent element or crystal orientations of 
45°, -15° and 10° is shown. The dispersion increased very rapidly as wavelength moves away 
jfrom the center wavelength of the pass band. 

[0075] The channel wavelength cannot always be well controlled at the pass band center due 
to various limitations in devices and in the communication system, as described in detail above. 
Therefore, channel wavelength deviation can lead to undesirably large dispersion and thereby 
substantially degrade the signal quality. 

[0076] According to the present invention, dispersion can be substantially compensated for 
interleavers as well as in other devices as discussed in detail below. If (p i, (p 2 and (p 3 are the 
birefringent element or crystal orientations for the first 15, second 16 and third 17 birefiingent 
elanents or crystals, respectively, then the same transmission performance can be obtain at 
crystal orientations of 90°-(p 1, 90°-(p2 and 90°-(p3, as well 90°+(p 1, 90°+(p2 and 90°+(p3, 
respectively. However, for each of these two new sets of crystal orientations, the dispersion 
curve is flipped about the zero dispersion axis. That is, for each of the two new sets of crystal 
orientations, the dispersion for each wavelength has an opposite value to that of the original set 
of orientations (cp 1, 9 2 and cp 3). By matching one set of crystal orientations with another set of 
crystal orientations having opposite dispersion valves, approximately zero dispersion is obtained. 
Thus, one set of birefiingent crystals can be made to substantially cancel the dispersion 
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introduced by another set of birefringent crystals (or by any other component or system) when 
letting optical signals pass through them sequentially. 

[0077] There are four basic configurations where one set of birefringent elements can be 
made to substantially cancel the dispersion introduced by another set of birefringent elements 
and wherein each set of birefringent elements has phase delays of either r, IT, and IT or 2T, IT 
and r. The first configuration is where the first set of birefiingent elements has phase delays of 
r, 2r and IT and the second set of birefiingent elements likewise has phase delays of T, 2r and 
2T. The second configuration is where the first set of birefiingent elements has phase delays of 
IT, 2T and T and the second set of birefiingent elements has phase delays of 2r, 2r and T. The 
third configuration is where the first set of birefiingent elements has phase delays of T, 2Y and 
2T and the second set of birefiingent elements has phase delays of IT, IT and T (the order of the 
phase delays of second set of birefiingent elements is reversed with respect to the order of the 
phase delays of the first set of birefiingent elements). The fourth configuration is where the furst 
set of birefiingent elements has phase delays of 2r, 2T and Tand the second set of birefiingent 
elements has phase delays of F, 2T and IF (the order of the phase delays of second set of 
birefiingent elements is reversed with respect to the order of the phase delays of the first set of 
birefiingent elements). 

[0078] For each of these four configurations, birefiingent element orientations can be 
selected so as to provide enhanced transmission characteristics and substantially zero dispersion 
values. That is, for each first set of birefiingent element orientations (cp i, 9 2 and cp 3), there is a 
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least one second set of birefringent elements which provide enhanced transmission 
characteristics while also providing zero or approximately zero dispersion. 

[0079] For the first configuration (wherein the first set of birefringent elements has phase 
delays of r, 2r, and 2T and the second set of bireMngent elements likewise has phase delays of 
r, IT, and 2r) birefringent element orientations of cp i, (p 2, and (p 3 (with respect to the input 
polarization direction of hght input to the first set of birefringent elements) for the first set of 
birefringent elements and birefringent element orientations of either 90° -9 1, 90°-(p 2, and 90°-9 3 
or 90° +9 1 , 90°+(p 2, and 90° +9 3 (with respect to the input polarization direction of hght input 
to the second set of birefringent elements) for the second set of birefringent elements will 
provide enhanced transmission characteristics and substantially zero dispersion. In tiiis instance, 
both the component output from the first set of birefiingent elements which is parallel to the 
input thereto and the component output which is orthogonal to the input thereto are transmitted 
through a second set of birefringent elements having one set of the orientations 90°-9 1, 90°-9 2, 
and 90°- 9 3 or 90° +9 1, 90° +9 2, and 90°+ 9 3 (with respect to the input polarization direction of 
hght input to the second set of birefiingent elements). 

[0080] For the second configuration (wherein the first set of birefiingent elements has phase 

delays of 2r, 2r and T and the second set of birefringent elements likewise has phase delays of 

IT, 2Y and T) birefiingent element orientations of 9 3, 9 2, and 9 1 (with respect to the input 

polarization direction of Ught input to the first set of birefiingent elements) for the first set of 

birefringent elements and birefiingent element orientations of either 90°-9 3, 90°-9 2, and 90°- 
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(p 1 or 90° +(? 3, 90° +q) 2, and 90°+(p i (with respect to the input polarization direction of light 
input to the second set of birefringent elements) will provide enhanced transmission 
characteristics and substantially zero dispersion. In this instance, both the component output 
from the first set of birefringent elements which is parallel to the input thereto and the 
component output which is orthogonal to the input thereto are transmitted through a second set 
of bfrefringent elements having one set of the orientations 90°-(p 3, 90°-9 2, 90°-<? 1 or 90° +9 3, 
90° +(p 2, and 90°+9 1 (with respect to the input polarization direction of light input to the second 
set of birefringent elements). 

[0081] For the third configuration, wherein the first set of birefringent elements has phase 
delays off, IT, and 2T, and the second set of birefiingent elements has phase delays of 2r, IT, 
and r, the output component of the first set of birefiingent elements which is parallel to the input 
thereto is transmitted through a second set of birefiingent elements which has orientations which 
are different from the orientations of birefiingent elements which the output component from the 
first set of birefiingent elements which is orthogonal to the input thereto is fi-ansmitted through in 
order for both the parallel component and the orthogonal component to have substantially zero 
dispersion after passing through both sets of birefiingent elements. That is, if both output 
components from the first set of birefiingent elements pass through a second set of birefringent 
elements having one set of the angular orientations 90° -9 3, 90°-9 2 and 90°-9 1 or 90°+9 3, 
90°+9 2 and 90°+9 1 (witii respect to the input polarization direction of Ught input to the second 
set of birefiingent elements), then only one of the two components (the component which is 

parallel to the input to the first set of birefiingent elements) will have approximately zero 
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dispersion. Thus, it is necessary for the output component of the first set of birefringent elements 
which is parallel to the input thereto to be transmitted through a second set of birefringent 
elements having orientations of either 90°-(|) 3, 90°-(p 2 and 90'='-(p 1 or 90°+cp 3, 90°+(p 2 and 
90°+(p 1 (with respect to the input polarization direction of Ught input to the second set of 
birefiingent elements) and for the output component of first set of birefringent elements which is 
orthogonal to the input thereto to transmitted through a set of birefringent elements having 
orientations of either cp 3, 9 2.and cp 1 or -cp 3,-9 2 and -cp 1 (with respect to the input polarization 
direction of hght input to the second set of birefringent elements) in order for both components 
to have approximately zero dispersion. 

[0082] For the fourth configuration, wherein the first set of birefringent elements has phase 
delays of 2r, 2T, and T, and the second set of birefiingent elements has phase delays of r, 2r, 
and 2T, the output component of the first set of birefiingent elements which is parallel to the 
input thereto is fransmitted through a second set of birefiingent elements which has orientations 
which are different from the orientations of the birefiingent elements which the output 
component from the first set for birefiingent elements which is orthogonal to the input thereto is 
transmitted through in order for both the parallel component and tiie orthogonal component to 
have substantially zero dispersion after having passing through both sets of birefiingent 
elements. That is, if both output components from the first set of birefiingent elements pass 
through a second set of birefiingent elements having one set of the angular orientations 90°- (p 1, 
90°-9 2 and 90°-(p 3 or 90°+(p i, 90°+(p 2 and 90°+(p 3 (with respect to the input polarization 
direction of light input to the second set of birefiingent elements), then only one of the two 
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components (the component which is parallel to the input to the first set of birefringent elements) 
will have approximately zero dispersion. Thus, it is necessary for the output component for the 
first set of birefiingent elements which is parallel to the input thereto to be transmitted through a 
second set of birefiingent elements having orientations of either 90°- (p i, 90°-(p 2 and 90°-(p 3 or 
90°+(p 1, 90°+(p 2 and 90°+(p 3 (with respect to the input polarization direction of light input to 
the second set of birefiingent elements) and for the output component of the fu^t set of 
birefiingent elements which is orthogonal to the input thereto to be transmitted through a set of 
birefringent elements having orientations of either 9 1, 9 2 and 9 3 or -9 1, -9 2, and -9 3 (with 
respect to the input polarization direction of fight input to the second set of birefiingent 
elements) in order for both components to have approximately zero dispersion. 

[0083] Thus, if the order of the phase delays for the first set of birefiingent elements is the 
same as the order of the phase delays for the second set of birefiingent elements, then both 
components output from the first set of birefiingent elements are transmitted through a second 
set of bu-efiingent elements having one set of orientations 90°- 9 1, 90°-9 2 and 90°-9 3 or 
90°+9 1, 90°+9 2 and 90°+9 3 (with respect to the input polarization direction of fight input to 
the second set of birefiingent elements). However, if the first set of birefiingent elements has an 
order of phase delays which is opposite to that of the second set of birefiingent elements (such as 
the first set of birefiingent elements having phase delays of r, 2T, and 2r and the second set of 
birefiingent elements having phase delays of 2r, 2r, and T or the first set of birefiringent 
elements having phase delays of 2r, 2r, and T and the second set of birefiingent elements 

having phase delays off, 2r, and IT), then the two output components from the fnst set of 
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birefringent elements must each be transmitted tiirough at least one second set of birefringent 
elements such that angular orientations of the birefringent elements in the second set are different 
for tihe two components in order for both of the two components to have approximately zero 
dispersion. 

[0084] Table I below summarizes the first stage phase delays, first stage orientations, second 
stage phase delays, and second stage orientations for each of the four configurations discussed 



above. 

Table I 



First Stage 
Phase Delays 


First Stage 
Orientations 


Second Stage 
Phase Delays 


Second Stage 
Orientations 










r, 2T, IT 


q> b 9 2, 9 3 


r, 2r, 2T 


QO'^icp 1, 90°±(p 2, 90°=b(p 3 (parallel component) 
90°±cp 1, 90^±(p 2, 90''±(p 3 (orthogonal component) 


IT, IT, r 


cp 3, q> 2, cp 1 


IT, 2T,r 


90°±q) 3, 90''±(p 2, 90°±q) i (parallel component) 
90°±(p 3, 90°±(p 2, 90°±9 1 (orthogonal component) 


r, 2r, 2Y 


q> u 9 2, <P 3 


2Y, 2Y, r 


90°±(p 3, 90''±(p 2, 90°±(p 1 (parallel component) 
±9 3, ±9 2y ±9 1 (orthogonal component) 


2r, 2r, r 


9 3, q> 2, q> 1 


r, 2r, 2r 


90°±cp u 90°±(p 2, 90''±(p 3 (parallel component) 
±cp 1, ±(p 2, ±(p 3 (orthogonal component) 



[0085] The fourth column of Table I (entitled Second Stage Orientations) shows four sets of 
birefringent element orientations for each configuration. Two sets of angles for the parallel 
component are provided and two sets of angles for the orthogonal component are provided. 
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[0086] It is important to recognize that the first stage has two separate outputs or 
components. One of the two outputs or components from the first stage has a polarization 
direction which is parallel to the polarization direction of Kght that is input to the first stage and 
is therefore referred to herein as the parallel component. The other of the two outputs or 
components from the first stage has a polarization direction which is orthogonal to the 
polarization direction of light that is input to the first stage and is therefore referred to herein as 
the orthogonal component. 

[0087] The output of the first stage is the input to the second stage. Therefore, the parallel 
component and the orthogonal component from the first stage are transmitted through 
birefiingent elements of the second stage. 

[0088] In some instances both the parallel component and the orthogonal component are 
transmitted through birefiingent elements having the same angular orientations. From Table I 
above, this can be seen to occur when the phase delays of the first stage are in the same order as 
the phase delays of the second stage. When the phase delays of the first stage are reversed in 
order with respect to the phase delays of the second stage, then the parallel component and the 
orthogonal component are transmitted through birefiingent elements having different angular 
orientations, as also shown in Table 1. 

[0089] As those skilled in the art will appreciate, transmitting the parallel component and the 

orthogonal component through birefiingent elements having different angular orientations can be 

accomplished in various different ways. For example, the parallel component and the orthogonal 
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component may be transmitted through two different sets of birefringent elements (which define 
the second stage), with each set having angular orientations which are appropriate for that 
component. Alternatively, polarization rotators (such as half-wave waveplates) may be used to 
ahgn the parallel component and/or the orthogonal component such that the required orientation 
angles are provided and only a single set of birefringent elements is required for the second 
stage. 

[0090] Although the table provided above Hsts three elements in each stage, similar results 
can be achieved by utilizing only two elements (F, cp i) and (2r, cp 2). Generally, when only two 
elements are utilized, the transmission characteristics will not be as good as the case for three 
elements. However, the lower cost of manufacturing such two element devices makes them 
desirable for some applications. 

[0091] It is important to note that where the ± is used in the table above, for a particular 
output component from the jSrst stage (either the parallel component or the orthogonal 
component) the sign will be either + for all three values or - for all three values. For example, 
the first set of second stage orientations will always be either 90"^+^ 1, 90^+(p 2, and 90°+q) 3, or 
90*^-9 1, 90^-9 2, and 90°- (p 3 for the parallel component and will never have mixed signs such as 
90°+(p 1, 90°-(p 2, and 90°+(p 3. 

[0092] In addition to manipulating the angular orientation of birefringent elements in the first 
and second stages of an interleaver or the like so as to provide approximately zero dispersion, it 
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is also possible to manipulate the phase delays of the birefringent elements so as to provide 
approximately zero dispersion. Thus, various combinations of angular orientations of the 
birefringent elements and phase delays thereof may be utilized so as to provide approximately 
zero dispersion. 

[0093] Varying the phase delay of the birefringent elements in the first and/or second stages 
of an interleaver or the Kke provides added flexibility in the manner in which approximately zero 
dispersion may be obtained. This added flexibihty may be utilized to provide ease in 
manufacturing and/or reduced assembly costs. 

[0094] Table II below summarizes the first stage phase delays, first stage orientations, 
second stage phase delays, and second stage orientations for exemplary configurations of an 
optical interleaver wherein various phase delays are utilized in the first stage and the second 
stage to obtain approximately zero dispersion. 
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Table II 



First Stage 
Phase Delays 


First Stage 
Orientations 


Second Stage 
Phase Delays 


Second Stage 
Orientations 


r + 2mi 71, 
2r + 2m2 71, 
2r + 2m3 n 


9 b 9 2. q> 3 


r +2k] 71, 
2r + 2k2 71, 
2r + 2k3 7c 


90''±(p 1, 90''±9 2, 90^^+9 3 (parallel component) 
90''±(p 1, 90''±9 2, 90°±9 3 (orthogonal component) 


r + 2mi 7C, 

2r + 2m2 7Z, 
2Y + 21x13 Ti: 


cp b 9 2, 9 3 


2r + 2k3 7c, 

2r + 2k2 7T, 

r +2k, % 


90''±(p 3, 90''±9 2, 90''±q) j (parallel component) 
±(p 3, ±(p 2, ±9 1 (orthogonal component) 


r + 2mi 7c, 
2T + 2m2 7c, 
2r + 2m3 n 


9 u 92, 93 


r +(2ki +1) 71, 
2r + 2k2 11, 
2r + 2k3 7t 


±(p i,±(p2, ±93 (parallel component) 
±(p 1, ±9 2, ±9 3 (orthogonal component) 


r + 2mi 71, 

2r + 2m2 71, 
2r + 2ni3 7i 


9 b 9 2, 9 3 


2r + 2k3 71, 
2r + 2k2 7t, 
r+(2k,+l)7r 


3, 90''±9 2, 90''±(p , (parallel component) 
±(p 3, ±cp 2, ±9 I (orthogonal component) 


2r + 2m3 71, 
2r + 2m2 7c, 
r + 2mi 7C 


9 3, 9 2, 9 1 


2r + 2k3 7c, 
2r + 2k2 7C, 
r +2k, Ji 


90^±(p 3, 90''±9 2, 90''±9 1 (parallel component) 
90^+9 3, 90''±9 2, 90°±9 i (orthogonal component) 


2r + 2m3 71, 
2r + 2m2 
r + 2mi 7t 


9 3, 9 2, 9 1 


r +2ki 71, 
2r + 2k2 71, 
2r + 2k3 71 


90''±(p I, 90''±9 2, 90''±9 3 (parallel component) 
±9 1, ±9 2, ±9 3 (orthogonal component) 


2r + 2m3 7c, 
2T + 2m2 7C, 

r + 2mi 71 


(D 3, (P 7, (D 1 


r +(2ki +1) 71, 
2r + 2k2 7t, 
2r + 2k3 7t 


±(p 1, ±9 2, ±9 3 (parallel component) 

90''±9 1, 90°±9 2, 90''±9 3 (orthogonal component) 


Zi 1 Zni3 71, 

2T + 2m2 7C, 
r + 2mi 7C 


^■n /'rt /"rt 

9 35 9 25 9 1 


2r + 2k2 7t, 
r+(2ki +l)7t 


ono 1 QO'^+m 0 QO^+m ^ rr>ara1le1 romnorjent^ 
90''±9 3, 90°±9 2, 90''±9 1 (orthogonal component) 


r +(2mi+l) 71, 

2r + 2m2 7t, 
2r + 2m3 71 


9 b 9 2, 9 3 


r + 2ki 71, 

2r + 2k2 71, 

2r + 2k3 TT 


±9 i,±9 2, =^93 (parallel component) 
±9 I, ±9 2, ±9 3 (orthogonal component) 


r +(2mi+U t: 
2Y + 2m2 7C, 

2r 4 2m3 71 


CD 1 (Do (0 ^ 


2r + 2k3 71, 

2r + 2k2 71, 

r + 2ki 71 


90''±9 3, 90''±9 2, 90''±9 1 (parallel component) 
±9 3, ±9 2, +9 1 (orthogonal component) 


r+(2mi+l)7t, 
2r 2m2 71, 
2r -H 2m3 71 


9 b <P 2, cp 3 


r+(2ki +1)71, 
2r + 2k2 71, 
2r + 2k3 7i 


90^^+9 1, 90''±9 2, 90''±9 3 (parallel component) 
90°±9 1, 90''±9 2. 90''±9 3 (orthogonal component) 


r +(2mi+l) 7C, 
2r 4 2m2 71, 
2r + 2m3 71 


q> i» 9 2, 9 3 


2r + 2k3 71, 
2r + 2k2 7c, 
r+(2k, +1)71 


90'^±9 3, 90°±9 2, 90''±9 j (parallel component) 
±9 3, ±9 2, ±9 1 (orthogonal component) 
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First Stage 
Phase Delays 


First Stage 
Orientations 


Second Stage 
Phase Delays 


Second Stage 
Orientations 


2r + 2m3 71, 

2T + 2m2 


q> 3, q> 2, cp 1 


r + 2ki 71, 
2r + 2k2 7c, 

2r + 2k'. 71 


±(|> 1, ±9 2, ^9 3 (parallel component) 

90°±(() 1, 90''±9 2, 90°±9 3 (orthogonal component) 


2T + 2m3 71, 
2T + 2m2 71, 

r+(2iTii+i)7i 


9 3, cp 2, q> 1 


2r + 2k3 71, 
2r + 2k2 7i, 
F + 2ki 71 


90'*±(p 3, 90°±(p 2, 90''±9 1 (parallel component) 
90^±q) 3, 90"^^^ 2, 90^±(p ^ (orthogonal component) 


2T + 2m3 71, 
2r + 2m2 7r, 
r +(2mi+l) 7C 


9 3, 9 2, 9 1 


F +(2ki +1) 7C, 
2r + 2k2 n, 
2F + 2k3 71 


90'^±q> 1, 90'^±9 2, 90°±q) 3 (parallel component) 
J, ±c() 2, ±cp 3 (orthogonal component) 


2r + 2m3 7C, 
2Y + 2m2 7t, 
r +(2mi+l) n 


9 3, 9 2, 9 1 


2F + 2k3 71, 
2F + 2k2 TT, 
F-H(2ki+l)7t 


90''±cp 3, 90°±9 2, 90°±9 1 (parallel component) 
90''±(p 3, 90'^±(p 2, 90°±9 1 (orthogonal component) 



[0095] Wherein m2, m^, ku k2, ks are integers (0, ±1, ±2, . . .). 



[0096] As discussed above with respect to Tablet, Table n also shows four sets of 
birefringent element orientations for each configuration. This is again necessary because the two 
different output components (the parallel component and the orthogonal component) from the 
first stage will, in some instances, be transmitted through birefringent elements of the second 
stage where the orientation angles are different for the parallel component and the orthogonal 
component. 



[0097] If the phase delay of the element having the smallest phase delay of a stage is 

increased by n [or nTt, where n is an odd number], then the transmission characteristics of the 

parallel component and the orthogonal component are swapped (which means that the odd 

channels and the even channels are swapped) and the dispersion characteristics of the parallel 

component and the orthogonal component are unchanged. That is, the transmission curve shifts 

such that the stopband becomes the passband and the passband becomes the stopband. The 
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dispersion curves shifts such that the dispersion curve for each new passband is the same as the 
dispersion curve for each passbond prior to the shift. The effect is the same for both odd and 
even channels. 



[0098] The different configurations of the present invention, wherein a first stage having 
three birefringent elements cooperates with a second stage also having three birefiingent 
elements so as to facihtate the construction of a device such as optical interleaver which has 
approximately zero dispersion, are summarized more generally in Table III. This table contains 
those configurations wherein approximately zero dispersion is obtained by varying the 
orientation of the birefringent elements of the second stage with respect to those of the first 
stage, varying the phase delays of the birefiingent elements of the first and/or second stage, and 
by varying both the orientations of the birefiingent elements of the second stage with respect to 
the first stage and the phase delays of the first and/or second stage. 



Table III 



First Stage 
Phase Delavs 


First Stage 
Orientations 


Second Stage 
Phase Delavs 


Second Stage 
Orientations 


r + 2mi 71, 
2r + 2m2 7C, 
2r + 2m3 71 


9 b 9 2. 9 3 


F' + 2ki 7u, 
2r + 2k2 7c, 
2F^ + 2k3 n 


gO'^icp 1, 90''±9 2, 90''±9 3 (parallel component) 
PO'^iq) 1, 90*^^9 2, 90''±9 3 (orthogonal component) 
where F - F' = 2/ 


r + 2mi 71, 
2r + 2m2 71, 
2r + 2m3 n 


9 1. 9 2, cp 3 


r + 2k, 71, 
2F' + 2k2 71, 
2F' + 2k3 n 


±(p 1, ±9 2, ±9 3 (parallel component) 
±(p ], ±9 2, ±9 3 (orthogonal component) 
whereF-r = (2/+l) 


T + 2mi Tt, 
2r H- 2m2 71, 
2r + 2m3 7t 


9 b 9 2, 9 3 


2F' + 2k3 71, 
2r + 2k2 7t, 
F* + 2ki n 


90'^=t(p 3, 90''±9 2, 90''±9 1 (parallel component) 
±(p 3, ±9 2, ±9 1 (orthogonal component) 
where F - F' = 2/ 


F + 2mi 71, 
2F + 2m2 7C, 
2F + 2m3 71 


9 b 9 2, 9 3 


ir + 2k3 71, 
2F' + 2k2 71, 
r + 2ki7i 


90°±q> 3, 90°±(p 2, 90''±(p ^ (parallel component) 
±9 3, =^9 2, =^9 1 (orthogonal component) 
whereF-r = (2/+l) 
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First Stage 
Phase Delays 


First Stage 
Orientations 


Second Stage 
Phase Delays 


Second Stage 
Orientations 


2Y + 2m3 71, 
2T + 2m2 71, 
r + 2mi % 


9 3, 9 2, q> 1 


2r + 2k3 7r, 
2r* + 2k2 71, 
r + 2ki 71 


90°±q> 3, 90'^±9 2, 90^±(p , (parallel component) 
90'^±(p 3, 90*'±(p 2, 90*'±9 1 (orthogonal component) 

where F - F' = 2/ 


2T + 2m3 71, 
2r + 2m2 7t, 
r + 2mi7C 


9 3, 9 2, 9 1 


2r + 2k3 71, 
2r + 2k2 7i, 
r + 2ki7c 


90'='±(p 3, 90''±9 2, 90''±(p 1 (parallel component) 
90'*±q) 3, 90^±(p 2, 90^±(p i (orthogonal component) 
whereF-r-(2/+l) 


2T + 2m3 7C, 

2T + 2m2 71, 
r + 2m] 71 


9 3, 9 2, 9 1 


r + 2ki 7t, 
2r' + 2k2 n, 

2r' + 2k3 TT 


90°±(p 1, 90''±9 2, 90''±(p 3 (parallel component) 
db(p 1, ±(p 2, ±9 3 (orthogonal component) 
where F - F' = 2/ 


2r + 2m3 n, 
2T + 2m2 7t, 
r + 2mi 71 


9 3. 9 2, 9 1 


F' + 2ki 71, 
2r' + 2k2 
2r + 2k3 7r 


±q> ^, ±q) 2, ±9 3 (parallel component) 

90°±(p 1, 90'*±(p 2, 90''±(p 3 (orthogonal component) 

where F-r = (2/+l) 



[0099] Wherein mi, m2, ma, ki, k2, ks and / are integers (0, ±1, ±2, . . .)• 



[0100] As discussed above with respect to Table I, Table III also shows four sets of 
birefiingent element orientations for each configuration. This is again necessary because the two 
different output components (the parallel component and the orthogonal component) from the 
first stage will, in some instances, be transmitted through birefringent elements of the second 
stage where the orientation angles are different for the parallel component and the orthogonal 
component. 



[0101] Phase retardations T and F' are a measure of the relative change in phase and are 
wavelength dependent in general However, in the close range of the interested wavelengths 
(1550 nm for example), a small amount of phase change can be considered as wavelength 
independent. A full wavelength shift in optical path length can be considered as 27t in phase 
shift. This assumption give the simplicity to treat the mathematic formulas without introducing 
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unacceptable errors. Considering all p^ameters used in all tables, it is typical that 2mi 2m2 tt, 
2m3 2ki n, Ikz n, Ik^ 7i and 2/ 71 « T and V. 

[0102] All tables listed above have three elements in each stage. However, similar results 
apply to two elements stage as well For example, the third birefringent element in each case can 
be removed and the table is still true. 

[01031 Thus, for example, the two angle sets of 45"^, -75'', and 80"^ (corresponding to 90°- 9 1, 
90^-9 2 and 90°-(p 3) and 135^ 75° and 100° (corresponding to 90°+(p 1, 90°+9 2 and 90°+(p 3) 
provide the same transmission performance as the original angles of 45°, -15° and 10°, but 
provide dispersion curves which are the opposite of, i.e. flipped with respect to, these original 
angles. It is important to appreciate that adding or subtracting 180° to any of the birefringent 
element angular orientations provides an equivalent angular orientation therefor, and thus does 
not alter the characteristics the filter. Thus, two separate birefiingent filters, wherein one 
birefringent filter has angles of 9 1, 9 2 and 9 3 while the other birefiingent filter has birefringent 
crystals of either 90°-9 1, 90^-9 2 and 90°-9 3 or 90°+9 1, 90°+9 2 and 90°+9 3 define a 
birefiingent filter assembly wherein the dispersion of one of the birefringent filters thereof 
substantially cancels out the dispersion of the other birefiingent filter thereof 

[01041 FIGs. 5-7 show the dispersion, phase distortion, and transmission versus wavelength 
characteristic charts for a birefiingent filter having angles of 45°, -75°, and 80° for the first 15, 
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second 16, and third 17 birefringent elements or crystals thereof and having phase delay of 
2r, and IF therefore. 

[0105] With particular reference to FIG. 5, it should be appreciated that dispersion curve is 
flipped, with respect to the dispersion curve of FIG 2, such that each dispersion value of FIG. 5 
is opposite that of FIG 2. Therefore, combining the birefringent filter which provides the 
dispersion curve of FIG. 2 with the birefringent filter which provides the dispersion curve of 
FIG. 5 will result in a substantially flat dispersion curve. It is worthwhile to note that the 
substantially flat dispersion curve resulting fi:om the cooperation of two such birefiingent filters 
(wherein each birefringent filter has a dispersion curve which is flipped with respect to the other 
birefiingent filter) extends well beyond the pass band of the transmission versus wavelength 
curve for each of the birefiingent fitters and that the dispersion obtained by such a dual 
birefringent filter device is not dependent upon maintaining a channel center wavelength near the 
center of the pass band. 

[0106] Various different sets of angles for the birefiingent crystals may be utihzed. Thus, 

the set of angles of 45^, -21^, and 7°, which provides enhanced pass band/stop band 

characteristics, may be utilized so as to facilitate mitigation of undesirable crosstalk. For the 

angles 45°, -21"^ and 7° the angle sets which provide such canceling or flipped dispersion 

characteristics are 45°, -69° and 83°, as well as 135°, 69° and 97°. Thus, by utilizing the set of 

angles of 45°, -21°, and 7° in a first birefiingent filter or interleaver, along with a set of angels of 

either 45°, -69° and 83° or 135°, 69° and 97° in a second birefiingent filter or interleaver, both 

enhanced pass band/stop band characteristics and enhanced dispersion may be achieved. 
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[0107] FIGs. 8-10 show the dispersion, phase distortion and transmission versus wavelength 
curves for a Sole birefiingent filter having orientation angles of 45°, -21°, and T for the first 15, 
second 16 and third 17 crystals thereof and having phase delays of r, IT, and 2Y therefor. 
Similarly, FIGs. 1 1-13 show the dispersion, phase distortion and transmission versus wavelength 
curves for a birefiingent filter having crystal angles of 45°, -69°, and 83° for the first 15, second 
16 and third 17 crystals respectively and also having phase delays of F, 2r, and 2r therefor. It is 
clear fi-om an inspection of FIGs. 8 and 1 1 that the dispersions provided by the birefi*ingent filter 
having 45°, -21°, and 7° is opposite to the values of dispersion provided by the birejfringent filter 
having 45°, -69°, and 83°. Thus, by combining these two birefringent filters, a single 
birejfringent filter assembly or interleaver can be provided wherein this dispersion of one 
birefiingent filter cancels out the dispersion of the other birefiingent filter. In this manner, a 
birefiingent filter assembly having approximately zero dispersion for the pass band portion of 
the transmission curve (as well as for other portions of the transmission curve) is provided. 

[0108] Thus, for example, if optical communication beams are transmitted through two 
separate interleavers sequentially, wherein the two separate interleavers have been designed such 
that they have flipped dispersion curves with respect to one another, then the dispersion of one 
filter substantially cancels the dispersion of the other filter, such that approximately zero 
dispersion is obtained. 

[0109] Two interleavers may be utihzed in a cascaded configuration so as to enhance 

channel capacity. For example a 50 GHz interleaver and a 25 GHz interleaver can be used 

together so as to either multiplex or demultiplex optical signals fi-om a 25 GHz space into a 100 
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GHz spacing and vice versa. According to the present invention, such a 50 GHz interleaver and 
such a 25 GHz interleaver can be configured in such a manner that the dispersion of each 
interleaver is generally opposite with respect to the dispersion of the other interleaver and the 
two interleavers substantially cancel the dispersion of each other. 

[0110] More generally, the first interleaver comprises an N GHz interleaver and the second 
interleaver comprises an N/2 GHz interleaver. That is, the first interleaver preferably has a 
channel spacing which is twice as large as that of the second interleaver. Those skilled in the art 
will appreciate that various other multiples or ratios of the channel spacing of the first interleaver 
to the channel spacing of the second interleaver are likewise suitable. 

[0111] Further, according to the present invention, a birefringent filter can be formed in a 
manner which provides a desired dispersion curve so as to substantially cancel dispersion caused 
by another optical device (such as by an optical device other than another interleaver). Thus, 
according to the present invention, dispersion versus wavelength curves having various different 
shapes can be obtained by varying the angular orientation of the crystals or birefringent elements 
of a birefiingent filter. In order to compensate for the dispersion of optical device other than 
birefiingent filter, the angular orientations of the birefringent crystals of a birefiingent filter are 
varied in a manner which provides a dispersion versus wavelength curve having values which 
are opposite to those of the other device over the desired range of wavelengths. 
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crystal and the third birefiingent crystal are swapped for both stages. If the positions of the first 
birefhngent crystal and the third bireMngent crystal are swapped for only one of the two stages, 
then only one component (that component output from the first stage which is parallel to the 
polarization direction of hght input to the first stage) has approximately zero dispersion. In 
order for both components which are output from the 2-stage device to have approximately zero 
dispersion, then each of the two components must be transmitted through a second stage having 
different crystal orientations. That is, in order for both the output component from the first stage 
which is parallel to the input thereto and the output component from the fnst stage which is 
orthogonal to the input component thereto to have zero dispersion in the instance where the 
positions of the fnst and third birefringent crystals of only one stage are swapped, the parallel 
component must be transmitted through a set of birefiingent crystals having orientations 90'^-(p 3, 
90°-9 2 and 90°-cp 1 or 90*^+9 3, 90°+(p 2 and 90°-i-(p 1 and the output component which is 
orthogonal to the input to the first stage must pass through a second stage having birefiingent 
crystal having orientations of either (p 3, 9 2, andcp 1 or-cp 3, -9 2, and -cp 1. 

[01 1 6] As discussed above, it is possible to utihze devices other than birefiingent crystals in 
order to obtain a birefiingent effect. In such instances, the angles discussed above with respect 
to birefiingent crystals may be converted to relative angles between the polarization direction of 
the input polarization selection element and the fast axis of the birefiingent elements. 

[0117] Further, note that 2 T 1 = T 2 = T 3, where T 1, T 2 and T 3 are the phase delays for 
birefringent element 1, birefiingent element 2 and birefiingent element 3, respectively. For 
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[0112] Further, according to the present invention, dispersion can be mitigated in a single 
interleaver assembly, i.e. an interleaver assembly having only a single Sole filter, by carefully 
selecting the crystal orientations thereof. 

[0113] FIGs. 14-16 show the dispersion, phase distortion and transmission versus 
wavelength curves for a single Sole filter assembly, i.e. a birefringent filter assembly, having 
only a single Sole filter, wherein the angular orientations of the first birefringent crystal 15, 
second birel&ingent crystal 16 and third birefringent crystal 17, having phase delays off, 2r and 
2r, respectively, have been carefully selected so as to minimize dispersion over the range of 
wavelengths defined by the pass band (as shown in FIG. 16). Similar and small dispersion can 
be obtained at (45, -65, 15), (45^ -25^ 75°) or (135^ 25°, 105°). These angles are selected by 
choosing cp i to be close to 45° or at 135° and then selecting cp 2 and (p 3 such that cp 3 - cp 2 is 
approximately plus or minus 90°, In this manner, a birefringent filter or interleaver can be made 
having only three birefringent elements or crystals (rather than having six birefringent elements 
or crystals as in the paired filters described above), wherein dispersion is mitigated. 

[0114] Further angles which are + or - 180° with respect to any of the above discussed angles 
is equivalent, thus will provide the same results. Very similar results may be obtained if the 
angles deviate from the ideal angles by only a few degrees. 

[0115] For 2-stage device (wherein two sets of birefringent crystals are utilized and each set 

of birefringent crystals contains three birefringent crystals, for example), then the transmission 

and dispersion characteristic will remain the same as long as the positions of the first birefringent 
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example, a polarization beam splitter (PBS) or a polarization beam displacer (PBD) may be 
utilized to separate an incoming unpolarized optical beam into 2 orthogonally polarized optical 
beams, wherein the two beams experience different optical paths before being recombined to 
realize the bireMngent effect. 

[0118] Those skilled in the art will appreciate that the present invention may be utilized to 
provide an interleaver having any desired channel spacing. 

[0119] Referring now to FIGs. 17-22, the dispersion versus wavelength, phase distortion 

versus wavelength and transmission versus wavelength curves for two different birefringent 
filters or interleavers are shown, wherein the two bireJBringent filters or interleavers have 
dispersion versus wavelength curves which are flipped with respect to one another. Thus, use of 
the two birefiingent filters or interleavers configured according to the present invention results in 
approximately zero dispersion. 

[0120] The birefringent filters or interleavers which provide the curve shown in Figs. 17-22 
both have phase delays of T , 2 T , T for birefringent elements 1,2,3, respectively. The 
birefiingent filter or interleaver which provides the curves of FIGs. 17-19 uses birefringent 
element orientations of 45"^, -15° and 0° for birefiingent elements 1, 2, 3. The birefiingent filter 
or interieaver which provides the curves of Figs. 20-22 utihzes birefiingent element orientations 
of 45°, -75°, and 90° for birefiingent elements 1, 2, 3. 
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[0121] It may be beneficial, at least in some instances, to provide a birefringent filter or 
interleaver having phase delays of T , 2r , T , since the birefringent elements used in such a 
device may be constructed so as to have an overall length which is shorter than that of a device 
having phase delays of T , 2 T and 2 T . Thus, by constructing such a device to have phase 
delays or birefiingent element lengths of T , 2r , F , a device which is shorter and less expensive 
maybe constructed. The device may be less expensive since a smaller third birefringent element 
is utilized, thereby reducing costs. 

[0122] The exemplary low dispersion birefringent filter assemblies discussed above utiUzes 
two birefringent filters, wherein each birefiingent filter is comprised of three birefi*ingent 
elements. It is also possible to construct a birefiingent filter assembly, wherein each birefiingent 
filter thereof comprises only two birefiingent elements. Such a birefi:ingent filter assembly can 
be constructed in a manner wherein each birefiingent filter substantially cancels out the 
dispersion caused by the other birefiingent filter. However, since only two birefiingent elements 
are used in each such birefiingent filter, the pass bands and stop bands thereof are not optimized 
as in the three birefringent element filters described above. That is, the pass bands of the two 
birefringent filters tend to cover a narrower range of wavelengths and the stop bands thereof tend 
to be more shallow. However, it is anticipated that in some instances it will be beneficial to 
provide a low dispersion filter assembly utihzing only two birefiingent elements in each filter 
thereof, such as to maintain low cost of the birefiingent filter assembly. As with the three 
birefiingent element Sole birefiingent filters described above, two element birefiingent filters are 
constructed such that the dispersion of one birefiingent filter substantially cancels the dispersion 
of the other birefiingent filter. 
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[0123J Referring now to FIGs. 23-25, angles of 45° and -15° are utilized for a first 
birefringent crystal 15 and a second bireMngent crystal 16, respectively and the phase delays are 
r and 2r, respectively. This is one example of a two element birejfringent filter which may be 
utiUzed in a birefiingent filter assembly, wherein each two element bireMngent filter thereof 
tends to cancel out the dispersion introduced by the other two element birefiingent filter. 

[01241 With particular reference to FIG. 23, these crystal orientations provide a characteristic 
dispersion curve, as shown. As discussed above, a second birefiingent filter, having a flipped 
dispersion curve with respect to this birefiingent filter, can be utilized so as to substantially 
mitigate dispersion in a birefiingent filter assembly comprised of both such birefiingent filters. 

Referring now to FIGs. 26-28, angular orientations of 45° and -75° for the first birefiingent crystal 15 
and the second birefringent crystal 16 are provided and the first and second birefringent crystals have 
phase delays of F and 2r, respectively. 

[0125] With particular reference to FIG. 26 it is clear that the dispersion curve shown therein 
is flipped with respect to the dispersion curve of FIG. 23. Thus, as with the three element 
birefiingent filters discussed above, two element birefiingent filters may be utilized in a single 
birefiingent element assembly so as to substantially cancel dispersion particularly over a desired 
range of wavelengths. 
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[0126] Also, such two element birefringent filters may be utilized to substantially cancel 
dispersion from any other (non-interleaver) optical device by defining a dispersion curve for 
such canceling, as discussed above. 

[0127] Further, according to the present invention a birefiingent filter having any desired 
number of elements may be formed so as to provide variable dispersion, such as by facilitating 
the rotation of one or more of the birefiingent elements thereof. Thus, a tunable birefiingent 
filter may be provided wherein adjustments to the dispersion versus wavelength curve thereof 
may be effected either in a realtime or non-realtime mode. 

[0128] It is important to appreciate that the technique for mitigating dispersion of the present 
invention is applicable to optical devices such as birefiingent filters and interleavers regardless 
of the migles of the birefiingent elements thereof. That is, for any given set of angles of 
birefiingent elements, dispersion may typically be substantially mitigated by transmitting the 
light through another, typically similar, device having angular orientations of 90"" (p i, 90"^ - (p 2 
and 90° - 9 3, or 90° + cp 1, 90° + (p 2 and 90° + 93. Thus, the technique of the present invention 
may be utiHzed to mitigate dispersion whether the birefiingent angular orientations of 45°, -21° 
and 7° (which provide enhanced transmission characteristics) or the angular orientations of 45°, - 
15°, and 10° (which provide a less desirable transmission characteristics of the prior art) or any 
other angles are utilized. 

[0129] It is important to appreciate that, although the improved filter of the present invention 

has been described herein as utiUzing birefringent crystals, other birefiingent elements may be 
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utilized to achieve similar effects. For example, polarization beam splitters (PBSs) or 
polarization beam displacers (PBDs) may be utilized as the polarization selection elements to 
separate the incoming optical signal into two orthogonally polarized optical beams and to cause 
the two beams to travel over different optical paths before being recombined. In this manner, the 
optically path length of each birefiingent element may be varied for each polarization, 

[0130] When birefiingent elements other than birefiingent crystals are utilized, then the 
angular orientations thereof necessary to provide the desired dispersion vs. wavelength 
characteristic curve of the present invention can be converted into relative angles between the 
optical beam polarization direction and the equivalent fast axes of such devices. 

[0131] Polarization selection elements other than polarizers may be utilized to effect desired 
polarization of the signal prior to encountering the birefiingent element assembly and upon 
exiting the birefiingent element assembly. For example, polarization beam splitters, (PBSs) or 
polarization beam displacers (PBDs) may be utilized to effect the desired polarization of the 
optical signals which are input to and output from the birefiingent element assembly. Those 
skilled in the art will appreciate that various other optical devices are likewise suitable for 
facihtating such polarization selection functionality. 

[0132] It is understood that the exemplary dispersion compensating birefiingent filter 
described herein and shown in the drawings represents only presently preferred embodiments of 
the invention. Indeed, various modifications and additions may be made to such embodiments 
without departing from the spirit and scope of the invention. For example, those skilled in the 
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art will appreciate the various different conj5giirations of birefringent filters may be utilized 
according to the present invention. For example, birefringent filters having four, five, six or 
more elements may similarly be configured so as to mitigate dispersion from either a similar 
birefringent filter or from any other component. Indeed, two birefringent filters, each having a 
different number of elements, may be utilized so as to tend to mitigate dispersion from one 
another. That is, one of the two differently configured birefringent filters may be constructed so 
to cancel at least a portion of the dispersion contributed by the other birefiingent filter. 

[0133] Thus, these and other modifications and additions may be obvious to those skilled in 
the art and may implemented to adapt the present invention for use in a variety of different 
applications. 
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